JOURNAL OF BACTERIOLOGY, July 2011, p. 3598-3605
0021-9193/11/$12.00  doi:10.1128/JB.00085-11

Vol. 193, No. 14

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Age of Inoculum Strongly Influences Persister Frequency and Can
Mask Effects of Mutations Implicated in Altered Persistence"t

Hannes Luidalepp, Arvi Joers, Niilo Kaldalu, and Tanel Tenson*
Institute of Technology, University of Tartu, Nooruse 1, Tartu 50411, Estonia

Received 18 January 2011/Accepted 6 May 2011

The majority of cells transferred from stationary-phase culture into fresh medium resume growth quickly,
while a few remain in a nongrowing state for longer. These temporarily nonproliferating bacteria are tolerant
of several bactericidal antibiotics and constitute a main source of persisters. Several genes have been shown
to influence the frequency of persisters in Escherichia coli, although the exact mechanism underlying persister
formation is unknown. This study demonstrates that the frequency of persisters is highly dependent on the age
of the inoculum and the medium in which it has been grown. The hipA7 mutant had 1,000 times more persisters
than the wild type when inocula were sampled from younger stationary-phase cultures. When started after a
long stationary phase, the two displayed equal and elevated persister frequencies. The lower persister fre-
quencies of glpD, dnaJ, and surA knockout strains were increased to the level of the wild type when inocula aged.
The mgsR and phoU deletions showed decreased persister levels only when the inocula were from aged cultures,
while sucB and ygfA deletions had decreased persister levels irrespective of the age of the inocula. A dependency
on culture conditions underlines the notion that during screening for mutants with altered persister frequen-
cies, the exact experimental details are of great importance. Unlike ampicillin and norfloxacin, which always
leave a fraction of bacteria alive, amikacin Kkilled all cells in the growth resumption experiment. It was
concluded that the frequency of persisters depends on the conditions of inoculum cultivation, particularly its

age, and the choice of antibiotic.

Genetically homogeneous bacterial cultures can give rise to
subpopulations with different physiological properties (38).
This kind of heterogeneity can be demonstrated in terms of
growth resumption when stationary-phase bacteria are diluted
in fresh medium: some cells start growth immediately, some
later, and some do not recover during the period of observa-
tion (2, 15, 33). Variation in recovery could reflect the random
nature of cell damage (8). Alternatively, as rapidly recovering
bacteria are more vulnerable to harmful environmental condi-
tions than dormant ones, the wide range of growth resumption
times could represent an ecological strategy (11, 21, 39). For
example, the majority of bactericidal antibiotics kill growing
bacteria, and nongrowing cells survive (41). Furthermore, an-
tibiotic-sensitive growing cultures cannot be sterilized by bac-
tericidal drugs, suggesting the existence of a small subpopula-
tion of nongrowing bacteria (4). These bacteria, called
persisters, can survive antibiotic treatment and resume growth
after removal of the drug (23).

Several mutations lead to increased or decreased persister
levels (9, 10, 13, 19, 24, 25, 27, 40). A classical mutant with
increased persister frequency is the hipA7 strain (27), which
carries mutations in the gene coding for the toxin in the HipAB
toxin-antitoxin pair (21). This mutation decreases the affinity
of the toxin for antitoxin, leading to increased toxin activity
(34). The product of hipA is a kinase that phosphorylates
EF-Tu, although the exact mechanism underlying the forma-
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tion of HipA-dependent persisters remains unclear (36). In
addition to manipulating the toxin-antitoxin systems, there are
other ways of changing the persister frequency, for example,
mutating the genes involved in metabolism, like sucB (25),
phoU (24), and glpD (40), or overexpressing toxic proteins (42).

It has been demonstrated that the majority of persisters in
batch culture experiments come from the stationary-phase in-
oculum (15, 17). These bacteria do not divide after dilution in
fresh medium and throughout antibiotic treatment but resume
growth and form colonies when plated. Aging of cultures de-
lays regrowth after reinoculation and on agar plates (22, 32),
suggesting a strong effect on persister formation. This study
investigated how the age of the stationary-phase inoculum and
the medium in which it is grown influence the persister forma-
tion of wild-type (wt) Escherichia coli and a range of previously
described mutants with altered persister frequencies, including
the hipA7 strain.

MATERIALS AND METHODS

Bacterial strains and plasmids. MG21 (wild type) and MG22 (hipA7) were
derived from K-12 MG1655 [F~ N~ ilvG rfb-50 rph-1] (5) by P1 transduction
from HM21 and HM22 (27), respectively, using selection on tetracycline. The
presence of the correct hipA allele was verified using sequencing. The
MG21AhipBA strain was constructed from MG21 according to the method of
Datsenko and Wanner (7). Strains MG1655, MG21, MG22, and MG21AhipBA
were transformed with the plasmid pETgfp-mut2-AGGAGG(3) carrying a green
fluorescent protein (GFP) mut2 gene under the control of an IPTG (isopropyl-
B-p-thiogalactopyranoside)-inducible promoter and a kanamycin resistance
marker (43). Single-knockout (AglpD, AsucB, AmgsR, ArecA, Adnal, AsurA,
AygfA, AphoU, AacnB, and Amdh) strains were from the Keio collection (1). The
antibiotic resistance cassette was removed in the Aicd4 and Amdh strains.
The isogenic parental strain was K-12 BW25113 [A(araD-araB)567
AlacZ4787(::rrB-3) lambda rph-1 A(rhaD-rhaB)568 hsdR514] (7). Some knock-
out strains (AglpD, AmgsR, Adnal, AsurA, AygfA, AphoU, and AicdA strains) were
also constructed in a clean background, using the primers published for making
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the Keio collection (1), by the method of Datsenko and Wanner, including
antibiotic resistance cassette removal (7). Where indicated, the BW25113 and
AsucB strains were transformed with the plasmid pETgfp-mut2-AGGAGG(3)-
CAT, which was derived from pETgfp-mut2-AGGAGG(3) (43) by removing the
kanamycin resistance marker with Pagl and replacing it with a chloramphenicol
resistance marker from pBAD33 cut out with Nhel and Bsp1191. This plasmid
was used in experiments containing kanamycin-resistant strains. The SucB cod-
ing region was amplified from the wt E. coli (BW25113) genome by PCR and
cloned into the pPBAD33 expression vector under the control of an arabinose-
inducible promoter. The resulting pPBAD-sucB plasmid was used to transform a
AsucB strain from the Keio collection (the Kan" cassette was removed from the
chromosome). The persister formation test for this strain was carried out in the
presence of 1 mM arabinose to induce SucB expression.

Growth media and growth conditions. To ensure the reproducibility of results,
Lennox LB medium (Difco Laboratories) was prepared by filter sterilization
rather than autoclaving. MOPS (morpholinepropanesulfonic acid) medium (28)
was supplemented with 0.1% glucose (MOPS Glc) or 0.2% glycerol (MOPS Gly).
MOPS medium with a decreased concentration of ammonia (2.7 mM rather than
9.52 mM; MOPS — N) or a decreased concentration of phosphate (0.132 mM
rather than 1.32 mM; MOPS — P) or with amino acids (20 various L-amino acids
at a concentration of 100 pg/ml each; MOPS AA) was supplemented with 0.1%
glucose. LB plates containing 1.5% agar were used. Media for strains with the
plasmid pETgfp-mut2-AGGAGG(3) contained kanamycin (25 pg/ml; Amresco),
and those for strains with the plasmids pETgfp-mut2-AGGAGG(3)-CAT and
pBAD-sucB contained chloramphenicol (25 pg/ml; AppliChem). For green flu-
orescent protein (GFP) induction, IPTG (1 mM) was added when indicated.
Bacteria were grown at 37°C. Liquid cultures were grown aerobically on a shaker.

Preparation of DMSO stocks. Overnight cultures were diluted 1:100 in fresh
medium and grown aerobically to the exponential phase. At an optical density
(Agoo) of 0.15 to 0.2 (MOPS Glc) or 0.8 (LB), dimethyl sulfoxide (DMSO) was
added to a final concentration of 8%, and the culture was immediately frozen in
120-pl aliquots at —80°C.

Persister formation test. Cultures were started by diluting (1:20 to 1:200)
DMSO stocks of the respective strains in fresh medium (LB or MOPS Glc)
supplemented with IPTG when indicated. For inoculating LB medium, the stocks
prepared in LB were used, and the MOPS Glc stocks were used for MOPS Glc.
Cultures were grown aerobically to the stationary phase. The beginning of the
stationary phase was defined as the time when the optical density of the culture
did not increase >5% for 30 min. At the indicated times, cultures were diluted
1:100 in fresh medium (LB or MOPS Glc) containing ampicillin (200 wg/ml;
Actavis), norfloxacin (5 pg/ml; Sigma), or amikacin (25 pg/ml; Sigma) and
lacking IPTG. The persister levels of the diluted cultures were determined after
3,9, or 24 h of incubation in the presence of antibiotic. Samples were diluted in
sterile 1X phosphate-buffered saline (PBS) and plated on LB agar plates, which
were incubated overnight, and colonies were counted the next day. Immediately
after the dilution of stationary-phase cultures, the total culturable cell count was
determined by plating.

Length of the stationary phase and growth resumption. Stationary-phase
cultures were prepared and diluted in fresh medium (supplemented with IPTG)
as described above using DMSO stocks of the respective strains transformed with
a plasmid for GFP induction. At the indicated times, the cultures were diluted
1:100 in fresh ampicillin-containing (200 pg/ml; Actavis) medium (LB or MOPS
Glc) lacking IPTG. The diluted cultures were aerobically incubated on a shaker,
and growth resumption was followed over a 24-h period by taking samples and
analyzing them using flow cytometry. The samples were prepared by mixing 50 .l
of culture with an equal volume of 30% glycerol in 1X PBS and frozen at —80°C
pending analysis by flow cytometry (LSR II; BD Biosystems). Nondividing cells
were distinguished by high GFP levels. The software packages FACSDiva and
FlowJo were used to visualize the data.

Effect of the stationary-phase medium on growth resumption. Cultures were
started by diluting (1:20) MG1655 MOPS Glc DMSO stocks into various fresh
media supplemented with IPTG. At the times indicated in Fig. S1 in the sup-
plemental material, the cultures were diluted 1:100 in fresh LB lacking IPTG.
The diluted cultures were further incubated, and samples were taken after 4 h.
The samples were prepared by mixing 50 wl of culture with an equal volume of
30% glycerol in 1X PBS and frozen at —80°C until flow cytometry analysis was
carried out (LSR II; BD Biosystems). Nondividing cells were distinguished by
high GFP levels. The software packages FACSDiva and FlowJo were used to
visualize the data.

MIC of ampicillin. The MIC test was performed according to the broth
microdilution method (45) with the exception that LB medium was used.
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RESULTS

The hipA7 strain causes high persistence compared with the
wild type only when the inoculum is from the early stationary
phase. The hipA7 strain (27) has been used in numerous stud-
ies and is reported to form several orders of magnitude more
persisters than the wild type. Persister frequencies for the
wild-type and hipA7 strains were determined using inocula of
different ages. Stationary-phase cultures were diluted in ampi-
cillin-containing media and incubated for 3 h; cells that re-
sumed growth during this period were lysed with ampicillin.
The number of live cells was determined by plating and count-
ing the colonies after overnight incubation. The number of
unlysed, nonproliferating bacteria was determined from the
same ampicillin-containing cultures by using flow cytometry
(15, 33).

As expected, the hipA7 mutant grown in LB demonstrated
1,000-fold-higher persister frequencies when the inocula were
taken from younger stationary-phase cultures (Fig. 1A, trian-
gles). However, this difference diminished and finally disap-
peared at later time points, as the frequency of persisters in the
wild-type strain increased substantially and reached the level of
the hipA7 mutant after 18 h in the stationary phase. As the
inocula aged, the frequency of persisters increased in the hipA7
mutant, but more slowly than in the wild type.

This tendency held true when MOPS Glc medium (28) was
used in place of LB (Fig. 1B, triangles), although the time span
for changes in the minimal medium was longer (days) than for
LB (hours). Unexpectedly, persister levels for hipA7 inoculum
grown in MOPS Glc were higher at the first stationary-phase
time point than at the next time point.

The strain- and inoculum age-specific differences in persister
levels were not dependent on the time of the ampicillin treat-
ment. The differences observed after 3-h treatments were
maintained after 9-h and 24-h treatments. However, the abso-
lute level of persisters decreased slowly (see Fig. 3A). The
trend continued if the cultures inoculated with 18-h station-
ary-phase cells were incubated with ampicillin for extended
periods (48 h or 72 h), showing a general decrease in per-
sister levels but no differences between the wild-type and
hipA7 strains (data not shown). Similar behavior was ob-
served without GFP induction (see Fig. S1 in the supple-
mental material), indicating that overexpression of the
marker protein did not influence the results. The hipBA
deletion strain did not differ from the wild-type strain in its
ability to form persisters (Fig. 1).

The number of cultivable cells decreased slowly and at the
same rate in the three strains tested (Fig. 1, squares). There
was no difference in viability between the wild type and the
hipAB deletion strain, as previously described (16). However,
this study used different media, cultivation conditions, E. coli
strain background, and viability detection methods than previ-
ous studies, so the results are not directly comparable. The
increase in the number of cells that became uncultivable and
did not start growth after plating may be one explanation as to
why the persister level started to decrease slowly after 18 h of
stationary phase in LB.

The number of inoculated cells that did not lyse during the
3-h ampicillin treatment increased steadily throughout the sta-
tionary phase until it exceeded the CFU count (Fig. 1, circles).
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FIG. 1. Dependence of CFU, nondividing cells, and persisters on the length of the stationary phase. Stationary-phase cells of strains MG21
(wild type), MG22 (hipA7), and MG21AhipBA grown in LB (A) or MOPS Glc (B) and containing GFP were diluted in ampicillin-containing fresh
medium (LB or MOPS, respectively) at the indicated times during the stationary phase. The beginning of the stationary phase was defined as the
time when the optical density of the cultures did not increase >5% for 30 min. The number of CFU was determined by plating samples on LB
plates. The number of nondividing cells was measured using flow cytometry 3 h after dilution. The persister frequency of the diluted cultures was
determined by plating samples on LB 3 h after dilution and ampicillin treatment. The values represent the means of at least three independent

experiments. The error bars indicate the standard errors.

Throughout the stationary phase, the unlysed-cell counts were
comparable at each time point in the three strains tested. It is
important to note that persisters formed in only <20% of the
cells that were unlysed during plating. For the LB-grown wild-
type strain, this ratio was <1:1,000 when the inocula were
taken at the beginning of the stationary phase (Fig. 1A). This
demonstrates that the majority of cells refractory to ampicillin
lysis are not persisters, contrary to previous beliefs (18).

An increase in persister levels surviving the 3-h ampicillin
treatment should manifest itself in terms of a delay in growth
resumption after dilution in fresh medium. This is indeed the
case (Fig. 2); the longer the stationary phase, the longer the
cells take to resume growth. In LB, this delay in growth re-
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sumption was followed by a rapid loss of cultivability, resulting
in the majority of cells remaining in a nondividing state as long
as 24 h after dilution (Fig. 2A). In MOPS Glc, the bacteria
retained the ability to resume growth longer (Fig. 2B).

The growth resumption of cells grown in a wider variety of
MOPS-based media (28) supplemented with amino acids and
containing a reduced amount of nitrogen or phosphorus or
having the glucose replaced by glycerol as the carbon source
was investigated. The nondividing cells were counted 4 h after
dilution in fresh LB. The differences between MOPS Glc and
other defined media were insignificant (see Fig. S2 in the
supplemental material). Therefore, MOPS Glc medium was
used throughout the study.
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FIG. 2. Changes in growth resumption dynamics. Stationary-phase cells of strain MG21 (wild type) grown in LB (A) or MOPS Glc (B) con-
taining GFP were diluted in fresh medium (LB and MOPS Glc, respectively) at the indicated times during the stationary phase. The beginning of
the stationary phase was defined as the time when the optical density of the cultures did not increase >5% for 30 min. The number of nondividing
cells was measured using flow cytometry by counting cells retaining high GFP content. The values represent the means of at least three independent

experiments. The error bars indicate the standard errors.
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It is important to note that LB medium was sterilized by
filtration. Autoclaving LB medium led to fluctuations in quan-
titative results; the numbers of persisters and nondividing cells
at particular time points were difficult to reproduce. Several
chemical conversions occur during the autoclaving of growth
media (30, 44), leading to changes in the growth-supporting
properties of those media (11, 31). The chemical effect of
autoclaving depends on several factors, including the volume
of material and type of autoclave (6, 44), and this can decrease
the reproducibility of results. These effects could be particu-
larly relevant in very complex media, such as LB (29, 37).

Amikacin kills E. coli irrespective of inoculum age. The
hipA7 mutant was selected by repeated rounds of treatment
with ampicillin, a cell wall synthesis inhibitor (27). This mutant
has been demonstrated to have an increased tolerance for
nalidixic acid (quinolone) but does not significantly influence
the bactericidal effect of kanamycin (aminoglycoside) (35).
This suggested that persisters might not be universally tolerant
of all antibiotics. Therefore, the wild-type and hipA7 strains of
E. coli were subjected to treatment with norfloxacin (fluoro-
quinolone) and amikacin (aminoglycoside) to investigate
whether the age of the inoculum affected the ability of these
antibiotics to kill bacteria.

The results from the norfloxacin treatment (Fig. 3B) were
comparable to those obtained using ampicillin (Fig. 3A). When
wild-type cells were transferred to fresh medium after 4 h in
the stationary phase, considerably fewer norfloxacin-refractory
persisters were produced than in 18-h and 36-h inocula (Fig.
3B). Inoculated cells of the hipA7 mutant generated elevated
persister levels after 4 h in the stationary phase, and after a
longer time in the stationary phase, they displayed the same
number of norfloxacin-refractory cells as the wild type. These
trends were maintained regardless of the duration of antibiotic
treatment.

Incubation with amikacin led to rapid elimination of all
cultivable cells, regardless of the age of the inoculum or the
strain background (Fig. 3C). After 3 h of treatment, amikacin
had effectively sterilized the culture, and the number of CFU
dropped below the detection limit. This result is in line with
previous observations that treatment with aminoglycosides can
lead to very low persister levels or sterilization of bacterial
cultures (39, 46, 48).

Aging cultures of various deletion mutants have variable
persister formation dynamics. In addition to hipA7, several
deletion mutants have been reported to have persister levels
different from those of the wild type (9, 13, 19, 24, 25, 40). A
subset of these was chosen to investigate their persister levels
at different stationary-phase durations. Several previous
screens (13, 25) have been performed on the Keio collection of
strains (1). Therefore, we started with Keio strains (see Fig. S3
in the supplemental material), but it did not escape our atten-
tion that the strains might have accumulated second-site com-
pensatory mutations or that the antibiotic resistance cassette
might cause polar effects in the operons. Therefore, we recon-
structed most of the strains under study in a clean background
and removed the resistance gene (Fig. 4). Indeed, slight dif-
ferences between the Keio collection and the fresh strains were
observed.

All of our experiments were performed at a constant con-
centration of ampicillin. It is possible that the persister levels
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FIG. 3. Dynamics of persister frequency. Stationary-phase cells of
MG21 (wild type) and MG22 (hipA7) grown in LB filled with GFP
were diluted in fresh medium (LB) at the indicated times of the
stationary phase. The beginning of the stationary phase was defined as
the time when the optical density of the cultures did not increase >5%
for 30 min. The persister frequencies of the cultures upon dilution
were determined at the indicated incubation times (3, 9, and 24 h) by
plating samples on LB plates. The values represent the means of three
independent experiments. The error bars indicate the standard errors.
The dashed horizontal lines indicate detection limits.

measured reflect the sensitivities of the strains to the drug.
Therefore, we determined the MICs of ampicillin against all
the strains under study (see Table S1 in the supplemental
material). The changes in antibiotic sensitivity were small and,
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FIG. 4. Frequencies of persisters in single-gene knockout strains.
The AsucB and ArecA strains were from the Keio collection (1); the
other strains were freshly constructed from BW25113 (wild type).
Stationary-phase cells grown in LB were diluted in ampicillin-contain-
ing fresh medium (LB) at the indicated time of the stationary phase.
All cultures were inoculated at the same time, and the beginning of the
stationary phase was defined as the time when the optical density of the
wild-type culture did not increase >5% for 30 min. At the same time
points, the number of CFU was determined by plating samples on LB
plates. The persister frequencies of the diluted cultures were deter-
mined by plating samples on LB plates 3 h after dilution and ampicillin
treatment. The values represent the means of at least three indepen-
dent experiments. The error bars indicate the standard errors.

compared to the more than an order of magnitude higher
concentration of the drug used in persister tests, were consid-
ered negligible. Therefore, it is expected that all the growing
bacteria are rapidly killed independent of the genetic back-
ground.

Several types of mutants were identified on the basis of
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changes in their persister levels (Fig. 4). The mgsR (19) and
phoU (24) knockout strains had persister levels similar to that
of the wild type when the inocula were from the beginning of
stationary phase, followed by a decrease of more than an order
of magnitude at later time points (Fig. 4B and D).

glpD (40), surA (13), and dnaJ (13) knockout strains had
lower levels of persisters than the wild type when the inocula
were taken from early-stationary-phase cultures, although the
effects (Fig. 4A, C, and E) were smaller than those of the other
knockout strains. After 18 h in the stationary phase, these
mutants had persister numbers that were comparable to those
of the wild type, and after 36 h, they may have exceeded the
wild-type levels.

The sucB (25) and ygfA (13) knockout strains produced
lower levels of persisters at every time point examined (Fig. 4F
and G), with sucB deletion causing considerably larger effects.
As we were unable to construct a sucB deletion in a clean
background, we tested if the effect of the knockout can be
compensated for by a plasmid-borne copy of the gene. Indeed,
sucB expression from the plasmid increased persister fre-
quency, although the wild-type levels were not reached (see
Fig. S4 in the supplemental material). As the gene regulation
pattern of the chromosomal copy is very probably not repro-
duced by the plasmid, the partial complementation is not un-
expected. The number of persisters also remained low in the
case of the recA knockout strain (9), increasing only at the last
time point examined (Fig. 4H). It is important to note that the
recA knockout led to large growth defects (data not shown),
and therefore, its relevance in the current context is question-
able.

The sucB strain with the strongest effect on persister levels
was examined further. The decrease in persister levels was
observed upon 3-h ampicillin treatment (Fig. 4G). To investi-
gate if this holds true for longer ampicillin treatments, both
AsucB and wild-type strains were subjected to prolonged kill-
ing by ampicillin. The survival of individual cells that were
inoculated into fresh LB medium after 4 h, 18 h, and 36 h in the
stationary phase was measured. Like the wild type, AsucB cells
were rapidly killed by ampicillin if the cultures were started
with young inocula (Fig. 5B). The wild type became more
tolerant of ampicillin treatment as the inoculum became older,
but this was not the case for the AsucB mutant: bacteria died
quickly even if taken from the 36-h stationary-phase culture.
The growth resumption was estimated by counting nongrowing
bacteria using flow cytometry (Fig. SA). The wild-type strain
demonstrated growth resumption dynamics consistent with the
data in Fig. 1 and 2, with the aged inocula producing cultures
with slower growth resumption. In contrast, the growth re-
sumption of AsucB cells was rapid regardless of the length of
the stationary phase. It is interesting that the hipA7 strain had
increased persister levels without a change in growth resump-
tion kinetics (Fig. 1). This contrasts with the AsucB strain,
where the decreased persister level was paralleled by a gener-
ally increased growth resumption speed (Fig. 5).

sucB codes for an enzyme involved in the tricarboxylic acid
cycle. Several other enzymes of the same pathway have been
previously implicated in modulating antibiotic action (20).
Therefore, we tested the effects of icdA, mdh, and acnB dele-
tions on the persister levels (Fig. 6). Indeed, the acnB deletion
led to considerably decreased persister levels, similar to the
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FIG. 5. Dynamics of growth resumption (A) and persister frequency (B) in wild-type (BW25113) and AsucB strains (from the Keio collection
[1]). Stationary-phase cells, transformed with plasmid pETgfp-mut2-AGGAGG(3)-CAT, grown in LB, and containing GFP, were diluted in
ampicillin-containing fresh medium (LB) at the indicated points in the stationary phase. The beginning of the stationary phase was defined as the
time when the optical density did not increase >5% for 30 min (the criterion was applied separately to the two cultures). (A) The numbers of
nondividing cells were measured using flow cytometry by counting cells retaining high GFP content. (B) The persister frequencies of the diluted
cultures were determined using ampicillin treatment (lengths are indicated on the x axis) and by plating samples on LB plates. The values represent
the means of three independent experiments. The error bars indicate the standard errors. The dashed horizontal line in panel B indicates the
detection limit.

effect of sucB. This is opposed to the other two deletions, DISCUSSION
which in the first time point caused increased persister levels
that merged with the wild-type levels later. Thus, we demon- Environmental and genetic factors contribute to the fre-

strated that modulating central metabolism can lead to  quency of persisters, and several mutants with altered frequen-
changed persister levels, although explaining the effects of par- cies have been identified (9, 10, 13, 19, 24, 25, 27, 35, 40). Here,

ticular genes requires more thorough experimentation and the effect of inoculum age on the persister frequencies of these
modeling (14). mutants is described. The difference in the frequencies of per-

sisters between wild-type and mutant strains can be highly

dependent on the age of the inoculum. Such a strong depen-

dence on exact experimental conditions might explain why the

lists of genes influencing persister formation seldom overlap in

different screens. Indeed, most of the strains tested exhibited

persister levels different from those of the wild type at only

some stationary-phase time points and not others (Fig. 1, 4, 6).

The relative nature of persisters has been noticed before

(2426, 47). The decreased number of persisters in a phoU

deletion mutant was evident only under certain conditions

(24), and results with sucB and ubiF deletion strains prompted

3 the authors to propose a concept of “deep” and “shallow”

persisters (25). Our data are compatible with the concept of
102 the relative nature of persisters.

High sensitivity to the time that inoculated bacteria have

10 T T ] spent in the stationary phase can lead to the identification of

4 12 18 36 strains with altered growth rates as persister mutants. In con-

Lenght of the stationary phase (hours) trast to other knockout strains tested, the recA deletion mutant

Culturable cells Persisters grew significantly more slowly than the wild type. It took 9 h for

—— wild type —0— wild-type E. coli to reach the stationary phase in LB, but the

- AicdA - recA knockout strain reached a similar phase after 24 h (data

vos R Amdh i - & not shown). Therefore, the cells from these two strains are

o AacnB o likely to be in different physiological states, and the different

FIG. 6. Frequencies of persisters in strains lacking genes for en- frequencies of persisters might reflect the differences in growth

zymes involved in the tricarboxylic acid cycle. The strains were tested speed and not necessarily the inherent difference in growth
as described in the legend to Fig. 4. resumption. It is important to note that the original Zip screen
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considered only mutants with unchanged growth parameters
(27). These criteria have been more relaxed in some of the
later screens (24), and therefore, more careful characterization
of strains is required.

The levels of persisters can be changed via two mechanisms.
In the sucB deletion strain, the growth resumption speed of the
bulk culture is increased, leading to a decreased persister level.
This change, affecting all cells, also influences a small subpop-
ulation of persisters. In contrast, the hipA7 mutation does not
affect the growth parameters of the bulk culture but has a
specific effect on a minor subpopulation of cells. Delayed
growth resumption among the cells in this subpopulation in-
creases the frequency of persisters. These results suggest one
way in which mutants with altered persister frequencies could
be categorized.

The results obtained using three different antibiotics indi-
cate that persisters in E. coli are not universally tolerant of all
agents. Ampicillin, targeting cell wall synthesis, and norfloxa-
cin, targeting topoisomerases, leave a detectable fraction of
persisters after 24-h treatment. On the other hand, amikacin,
targeting protein synthesis, kills all cells very quickly and ef-
fectively sterilizes the culture within 3 h. This points to the
interesting possibility that persisters have the capability to syn-
thesize protein long before cell growth and chromosome rep-
lication take place; amikacin treatment for 3 h eliminates cells
that can withstand 24-h exposure to ampicillin or norfloxacin.
This result is consistent with the work of Gefen and coworkers,
which described a short period of protein synthesis activity in
cells that became dormant again and exhibited delayed growth
resumption (12). It has to be noted that some of the previous
studies have used a different persister test, treating the station-
ary-phase cultures with antibiotics followed directly by plating
(13, 18, 24, 39). The effect of amikacin in this alternative
experimental setup remains to be seen.

E. coli cells are known to accumulate oxidative damage dur-
ing the stationary phase and may require additional time in
fresh media to repair their constituents before resuming
growth (8). The results from the sucB deletion strain suggest
that it is possible to avoid such a delay—it maintains quick
recovery and cell viability longer than the wild type. The fact
that the wild type has not acquired sucB-like properties sug-
gests the possibility that delayed growth resumption is favored
during evolution.

Persistence could be a bet-hedging strategy, generating phe-
notypic heterogeneity under uncertain conditions (3). It is pos-
sible that expectations for stable favorable conditions change
during the time spent in the stationary phase. More persisters
(delayed growth resumption) after a longer stationary phase
could reflect a higher expectation of catastrophic events occur-
ring during the next growth phase.
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